Introduction
In response to invading pathogens, the host elicits an inflammatory response mediated initially by antigen presenting cells (APCs) of the innate immune system, such as macrophages and dendritic cells. Pathogen associated molecular patterns (PAMPs) on microbes, as well as certain endogenous proteins released from tissue damage, engage pattern recognition receptors (PRRs) expressed on the surface of APCs. Binding of these "danger signals" to PRRs can activate a number of signaling pathways to induce transcription and subsequent release of pro-inflammatory cytokines and chemokines. Consequently, this proinflammatory milieu recruits more innate immune cells to the site of infection and facilitates activation of the adaptive immune system for effective clearance of pathogen and resolution of tissue damage.
Toll-like receptors (TLRs) are a well described group of PRRs belonging to the TLR/Interleukin-1 receptor (IL-1R) or TIR superfamily. 1 Both TLRs and IL-1Rs have a common intracellular TIR domain; however, TLRs have a leucine-rich repeat motif in the extracellular domain, while IL-1Rs have an immunoglobulin containing extracellular domain. Activation of TLRs and IL-1Rs recruits the adaptor molecule myeloid differentiation primary response gene 88 (MyD88) to their TIR domains. Members of the interleukin-1 receptor associated kinase (IRAK) family and various other proteins bind to MyD88 and form an adaptor complex that activates signaling pathways for induction of pro-inflammatory gene transcription ( Figure 1 ). However, induction of pro-inflammatory mediators via TLR/IL-1R signaling must be tightly regulated to prevent damage to tissues and diseases associated with excessive inflammation, such as cancer, sepsis, and autoimmunity.
A large number of molecules have been identified, that negatively regulate TLR/IL-1R signaling. A list of these molecules and their known inhibitory functions are summarized in Table 1 and are reviewed extensively by Wang et al. 1 Of particular interest is the role of the inhibitory IRAK family member, IRAK-M, also known as IRAK-3. The current review will focus on the regulation of IRAK-M and its role in host defense, endotoxin tolerance, and immune homeostasis. In terms of therapeutic applications, targeting IRAK-M may offer some benefit to improve innate immune function in immunosuppressed patients. Appropriate targeting will be critical, however, to prevent damage due to unchecked inflammation.
IRAK-M structure, function and expression pattern

Structure and function
Human IRAK-M was first characterized in 1999 by Wesche et al. 2 The IRAK-M gene is located on human chromosome 12 at position 12q14.1-12q15 and encodes a 68 kDa protein.
All IRAKs (IRAK-1, -2, -M, and -4) have a conserved N-terminal death domain for MyD88 TIR-TIR interaction and a central serine/threonine kinase domain consisting of 12 subdomains. However, only IRAK-1 and -4 have a functional catalytic site containing a critical aspartate residue in kinase subdomain VI. This residue is an asparagine and serine in IRAK-2 and -M respectively, rendering these kinases inactive. 2 IRAK-2 has four splice variants, and two of these isoforms are inhibitory of TLR signaling. 4 The murine IRAK-M homologue shows 71% sequence identity to human IRAK-M and has similar limitations in kinase activity. 5 It is now known that IRAK-M negatively regulates TLR/IL-1R signaling by binding the MyD88 adaptor complex. 6 
Expression pattern in tissues
Human IRAK-M expression is generally confined to monocytes and macrophages (Table  2) , and its expression is induced during macrophage maturation and TLR/IL-1R signaling. 2, 7 Tissue-specific mRNA expression in human brain, liver, thymus and small intestine has not been detected. 2 However, recent studies by Balaci et where alveolar epithelial cells express IRAK-M under both basal and inflammatory conditions. 9, 10 Murine IRAK-M has a broader expression pattern compared to human IRAK-M; it has been detected not only in monocytes and macrophages but also in neutrophils, 11 the NIH 3T3 fibroblast cell line, 5 B cells, 12 and epithelial cells of the intestine, lung, and intrahepatic bilary ducts. 9, 10, 13, 14 Furthermore, IRAK-M mRNA has been detected in various tissues, with highest expression in the thymus and liver and relatively lower expression levels in the heart, brain, spleen, and kidney. 5 It is not clear whether this is related to the presence of tissue-specific macrophages or epithelial cells that are known to express IRAK-M.
IRAK-M regulation of TLR/ IL-1R and CD80 signaling pathways
Interaction with the MyD88 adaptor complex IRAK-M can heterodimerize with IRAK-1 or -2 and bind both MyD88 and tumor necrosis factor receptor associated factor 6 (TRAF6). 2 Upon TLR/IL-1R ligand engagement and formation of the MyD88 adaptor complex, IRAK-M is thought to bind MyD88/IRAK-4 and inhibit IRAK-4 phosphorylation of IRAK-1. This prevents formation of TRAF6/IRAK-1 complexes, which initiate IκB kinase (IKK) and mitogen activated protein (MAP) kinase signaling pathways for activation of nuclear factor kappa B (NF-κB) and activator protein (AP-1) transcription factors. 6, 7 This role for IRAK-M in the negative regulation of TLR/IL-1R signaling was established in experiments demonstrating that transfection of MyD88 and IRAK-1 into 293T cells increases IRAK-1 phosphorylation. However, transfection of IRAK-M along with MyD88 and IRAK-1 increases the amount of unphosphorylated IRAK-1 relative to phosphorylated IRAK-1. Furthermore, overexpression of IRAK-M diminishes formation of IRAK-1/TRAF6 complexes. 7 The exact way in which IRAK-M inhibits NF-κB and AP-1 activation likely depends on the particular stimulus.
Inhibition of TLR-mediated NF-κB activation
TLR signaling activates NF-κB via the classical or alternative pathway. In the classical pathway, the NF-κB complex (composed of the subunits IκB/p65/p50) is activated by IKK phosphorylation of the IκB subunit. IκB is ubiquitinated for proteosomal degradation, and the p65/p50 subunits translocate to the nucleus to bind pro-inflammatory gene promoter sequences. 6 The alternative pathway involves activation of the NF-κB2 complex (RelB/p100) by NFκB-inducing kinase (NIK). The p100 subunit is cleaved at the C-terminus generating p52, and RelB/p52 translocate to the nucleus to induce gene transcription. 15, 16 Kobayashi et al. demonstrated that IRAK-M can inhibit the classical pathway in a TLR-4 and -9 dependent manner. 7 However, endotoxin tolerance has been associated with decreased NF-κB2 levels, 17 and there is evidence that IRAK-M can selectively inhibit the alternative NF-κB pathway in a TLR-2 dependent manner. 18 Su et al. demonstrated that following TLR2 stimulation, the same level of RelA/p65 (classical pathway) nuclear translocation is observed in WT and IRAK-M -/-bone marrow-derived macrophages (BMDM); however, IRAK-M-/-BMDM display increased RelB (alternative pathway) nuclear translocation relative to WT BMDM. Furthermore, IRAK-M -/-BMDM display increased expression of NIK protein. 18 Overall, these data suggest that IRAK-M can negatively regulate either NF-κB pathway depending on the TLR stimulus.
Article
Inhibition of TLR-mediated AP-1 activation
IRAK-M may also negatively regulate activation of the transcription factor AP-1 by inhibiting TLR-mediated MAP kinase activation. The synthetic TLR2 ligand, Pam3CSK4, is known to induce activation of the MAP kinases p38, extracellular signal-regulated kinase (ERK) 1/2, and c-jun N-terminal kinase (JNK), which in turn can activate AP-1. 19 However, Su et al. found that IRAK-M selectively attenuates p38 but not JNK or ERK1/2 following treatment with Pam3CSK4. 20 Furthermore, Kobayashi et al. demonstrated that IRAK-M inhibits CpG DNA-and LPS-induced p38 and ERK1/2 activation. CpG DNA activation of JNK is also inhibited by IRAK-M. 7 These data suggest a possible mechanism for IRAK-M inhibition of AP-1 activation via inhibition of multiple MAP kinases.
Regulation of CD80 signaling
IRAK-M may bind and regulate activation of the costimulatory molecule CD80. In response to CD28 engagement, CD80 and CD86 expressed on APCs signal downstream activation of NF-κB/AP-1. 21 In a mouse model of sepsis, CD80 appears to be the dominant receptor for regulating immune activation and lethality following early cecal ligation and puncture. 22 As determined by confocal microscopy, IRAK-M seems to interact with CD80 and disassociates in response to stimulation with CD28-containing neutrophil lipid rafts. This leads to decreased IRAK-M interataction with TRAF6 which may contribute to induction of lethal cytokine storm and pathological inflammation. 22 These data suggest that IRAK-M may negatively regulate activation of NF-κB/AP-1 via CD80 signaling in addition to TLR/IL-1R signaling; however, further studies are needed to explore this possibility.
Regulation of IRAK-M expression
Expression of IRAK-M can be altered in response to a number of molecules. This includes cell surface and intracellular signaling molecules as well as endogenous and exogenous soluble factors. A summary of these molecules and their effect on IRAK-M expression are listed in Table 3 and are briefly summarized below.
TLRs IRAK-M expression is induced in response to activation of a number of TLRs, as a means to generate tolerance to subsequent TLR stimulus. IRAK-M mRNA and protein are expressed in macrophages within 3 and 6 h, respectively, following stimulation with LPS, an endotoxin component of bacterial cell walls that activates TLR4. 7, 23 TLR2 recognizes the bacterial cell wall components peptidoglycan (PGN) and lipoteichoic acid (LTA). IRAK-M expression is induced 4 h following PGN treatment. Furthermore, TNF-α production and activation of MAP kinases, IκBα, and IRAK-1 are reduced following second PGN stimulation. Silencing IRAK-M restores TNF-α production in this setting. 24 Treatment with LTA can also tolerize macrophages to LPS-induced activation of NF-κB as well as increase IRAK-M expression. 25 Hayashi et al. A similar profile is observed in TLR7 tolerized cells, which display elevated IRAK-M expression, diminished production of TNF-α, and reduced activation of NF-κB, p38 and stress-activated protein kinase (SAPK). 26 In a murine allergic encephalomyelitis model, a repeated low dose of intravenous TLR7 agonist reduces inflammation and induces tolerance to intranasally administered TLR-2, -7, and -9 ligands. Induction of TLR7 tolerance involves increases in IRAK-M and SH2 domain containing protein-tyrosine phosphatase (SHP-1) expression. 27 IRAK-M is also elevated in liver macrophages following low level CpG DNA (TLR9 ligand) treatment in vivo. 28 In this model of liver injury, TNF-α secreted from activated macrophages in response to LPS and CpG DNA treatment induces hepatocyte apoptosis. However, macrophages become hyporesponsive to CpG DNA-induced injury following pretreatment with CpG DNA. This not only requires elevation of IRAK-M but decreases in IRAK-1 expression. 28 Thus, tolerization associated with elevated IRAK-M likely serves to prevent liver cell death. In cirrhotic monocytes, LPS-induced TNF-α production is associated with a lack of IRAK-M induction. This lack of IRAK-M induction may promote ongoing liver injury but may also serve as a means to sensitize cirrhotic monocytes to pathogenic stimuli. 29 Lastly, the TLR5 ligand, flagellin, induces IRAK-M expression in macrophages 8 h posttreatment, and this induction of IRAK-M is also associated with tolerance.
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14 Overall, induction of IRAK-M is necessary to limit pathologic inflammation and cytokine secretion. 
Soluble factors
The protein hormone, adiponectin, is secreted by adipocytes and has anti-inflammatory properties. 32 Induction of IRAK-M expression by adiponectin requires activation of phosphatidyl inositol 3-kinase (PI3K), protein kinase B (AKT/PKB), and ERK and induces macrophage endotoxin tolerance. 31 However, it is not known what transcription factors are activated in response to adiponectin treatment that induce expression of IRAK-M. IRAK-M may also play an inhibitory role in macrophages treated with α-melanocyte-stimulating horomone (MSH). 33 LPS-stimulated macrophages treated with α-MSH are suppressed in both nitric oxide and IL-12p70 production and cannot promote Th1 cell interferon (IFN)-γ production. In these tolerant cells, IRAK-M is bound to IRAK-1, suggesting a role for IRAK-M in α-MSH induced macrophage tolerance. 33 Factors produced by certain tumors can induce immunosuppression in the tumor environment by upregulating macrophage expression of IRAK-M. For example, gangliosides are sialic acid-containing glycosphingolipids in the outer plasma membrane and are produced in high amount by tumors. These molecules can increase IRAK-M expression and inhibit TLR signaling in monocytes. 34 Hyaluronan, a glycosaminoglycan in the extracellular matrix, may also have a similar effect, as HA2700 was shown to upregulate IRAK-M expression in chondrocytes. 35 Evidence suggests that this may be via CD44 and/or TLR4 intermediates. 36 Our own work suggests that IRAK-M can also be upregulated by prostaglandin E2 (PGE2), a soluble lipid mediator known to be overproduced in many cancers and immunodeficient states.
11,37
Berclaz et al. found that IRAK-M expression is dependent upon granulocyte-macrophage colony stimulating factor (GM-CSF) and expression of the transcription factor, PU.1.
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These data are the first to identify a transcription factor regulating the expression of IRAK-M. In addition to GM-CSF, IRAK-M expression may also require TNF-α. The nitric oxide donor molecule, S-Nitrosoglutathione (GSNO), is known to induce IRAK-M expression in human monocytes and this requires TNF-α. 39, 40 Furthermore, LPS fails to induce IRAK-M expression, following in vitro antibody depletion of whole blood leukocyte TNF-α. 41 Pan et al. showed that LPS-induced IRAK-M upregulation may also require activation of the transforming growth factor (TGF)-β1 signaling pathway. 42 TGF-β1 increases following LPS treatment and can upregulate IRAK-M and Src homology 2 domain-containing inositol 5-phosphatase-1 (SHIP1) expression in a SMAD4 dependent manner. Furthermore, silencing SMAD4 or SHIP1 expression inhibits TGF-β-mediated IRAK-M elevation. 42 Mannose receptors and the C-type lectin dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) are known to bind Mycobacterium tuberculosis cell wall components called mannose-capped lipoarabinomannans (Man-LAMs).
43- 45 Pathak et al. demonstrated that Man-LAMs inhibit LPSinduced IL-12 p40 production, NF-κB activation, and IRAK-1/TRAF6 interaction. 46 This is accompanied by increased IRAK-M expression. IRAK-M may mediate Man-LAM induced macrophage deactivation, as silencing of IRAK-M restores LPS-induced IL-12 production in Man-LAM treated cells. It is assumed that the mannooligosaccharide caps of LAM are the main factors responsible for induction of IRAK-M. 46 Lastly, the alternatively activated macrophage phenotype may be associated with the downregulation of IRAK-M expression. IL-13 and IL-4 are Th2 cytokines known to induce this phenotype in macrophages, and it was determined that expression of IRAK-M was decreased in response to IL-13 treatment. 47 
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Clinical scenarios in which IRAK-M expression is beneficial
IRAK-M has varying roles in immunopathology depending on the disease context (Table  4) . For example, in the setting of chronic inflammatory diseases, IRAK-M expression is desirable because it can limit excessive immune responses. In contrast, IRAK-M expression may prevent proper innate immune clearance of pathogens in the setting of immunodeficiency. Thus, from a clinical perspective, it is useful to understand situations in which modulation of IRAK-M expression may offer therapeutic benefit.
Sepsis and endotoxin tolerance in macrophages
In response to overwhelming infection or gut damage, endotoxins, such as LPS, are released from bacteria. Prolonged secretion of these mediators can result in septic shock and multi-organ failure. However, monocytic cells develop tolerance to constant exposure to or re-challenge with LPS to limit toxic shock or excessive systemic inflammation. Endotoxin tolerance is associated with reduced IRAK-1 and NF-κB activation, downregulation of proinflammatory cytokine gene transcription, and upregulation of anti-inflammatory mediators, such as IL-10 and TGF-β. 48 Antigen presentation is reduced as a result of decreased expression of HLA-DR and phagocytosis is enhanced as scavenger receptors such as MARCO increase. 17 A number of regulatory mediators are induced during this response; however, rapid elevation in IRAK-M expression has become a sentinel feature of the induction of endotoxin tolerance. Following induction of IRAK-M expression, IRAK-M mediates endotoxin tolerance in monocytic cells by inhibiting further TLR-mediated NF-κB and AP-1 activation. 6, 7 Accordingly, macrophages deficient in IRAK-M expression have elevated pro-inflammatory cytokine production in response to TLR stimulus. 7 Therefore, induction of IRAK-M in early sepsis may be beneficial to the host by limiting septic shock and subsequent organ failure. As detailed in a subsequent section, however, the benefit on patient outcome is largely determined by the degree of IRAK-M induction as well as the ability of monocytic cells to respond to any secondary infection that may occur during the refractory or immunosuppressive stage of sepsis.
Inflammatory bowel disease
Commensal colonization of the gastrointestinal (GI) tract is generally not associated with immune activation. This likely reflects the fact that the host establishes tolerance against normal GI flora. Takebayashi et al. demonstrated that IRAK-M expression may regulate this process. 49 Intraluminal injection of LPS enhances adherence of T cells to the intestinal epithelium of germ-free mice but not specific pathogen free (SPF) mice. SPF mice show increased IRAK-M and TGF-β mRNA expression following LPS suggesting that tolerance induction is mediated by both of these molecules. 49 Moreover, deficiencies in IRAK-M may predispose individuals to inflammatory bowel disease (IBD), as IRAK-M is on the genetic susceptibility locus for IBD. 50 In ulcerative colitis patients, an association between caspase recruitment domain (CARD15) mutant patients and IRAK-M was found, suggesting a possible impairment in the negative regulation of TLR-signaling causing IBD. 50 
Allograft acceptance
The role of IRAK-M in immune tolerance may also extend to allograft acceptance in the transplanted host. In a skin allograft model, IRAK-M -/-mice have elevated IL-6 and TNF-α, which inhibits allograft acceptance. Furthermore, the costimulatory blockade regimen used to prolong graft survival is impaired in the absence of IRAK-M. 51 This suggests that factors mediating immune tolerance to the allograft may induce expression of IRAK-M in certain cell types; however, it was not determined which cells expressing IRAK-M may mediate this acceptance. Determining whether the effect is mediated by leukocytes or resident structural cells may inform efforts to enhance IRAK-M expression in a therapeutic fashion and promote allograft acceptance.
Influenza infection and asthma
Influenza infection causes host damage not only through lytic destruction of lung epithelial cells but also via inappropriate immune cell activation post-infection. 52 A murine model of influenza infection suggests that IRAK-M expression may limit immunopathology without decreasing viral clearance. 10 Following influenza infection, IRAK-M increases in the lung 2 days post-infection and diminishes around day 7. Interestingly, IRAK-M deficiency does not improve viral clearance, and neutrophil recruitment to the lung is increased in IRAK-M-/-mice, causing tissue damage. 10 It is also possible that IRAK-M protects from complications of asthma. IRAK-M is highly expressed in lung epithelial cells and inactivation mutations were found in the IRAK-M coding region, which is located in the asthma susceptibility region 12q13-14. 8 Potentially, expression of IRAK-M may limit neutrophilinduced airway damage and remodeling.
Clinical scenarios in which IRAK-M expression is detrimental
Peridontal infection
While IRAK-M may serve an important role in limiting inappropriate immune activation, there are scenarios in which elevations in IRAK-M prevent appropriate host defense (Table 4) 
Secondary infection following sepsis
Induction of IRAK-M expression may serve to limit septic shock and facilitate macrophage deactivation in early sepsis. However, higher levels of IRAK-M mRNA expression in admitted patient whole blood correlate with increased mortality. 54 Furthermore, macrophage deactivation renders patients more susceptible to secondary infection. In a mouse model of sepsis, Deng et al. demonstrated that following secondary challenge with Pseudomonas aeruginosa lung infection, septic IRAK-M -/-mice have decreased mortality, improved bacterial clearance, elevated production of pro-inflammatory cytokines and chemokines, and increased neutrophil recruitment to the lung. 55 Thus, deficiency in IRAK-M can improve the ability of septic mice to resolve secondary infection. Taken together, these data suggest that sepsis is a disease where patient survival is greatly affected by the degree of IRAK-M induction and the duration of macrophage deactivation following infection.
Tumor-induced immunosuppression
In many cancers, the tumor microenvironment is immunosuppressive, and this may involve induction of IRAK-M in tumor-associated macrophages. Blood monocytes from patients with chronic myeloid leukemia and patients with metastasis have elevated IRAK-M. Moreover, monocytes co-cultured with tumor cells or tumor cell supernatant show significantly decreased expression levels of TNF-α, IL-12, and IRAK-1 and increased expression of IRAK-M. 56 In addition, Xie et al. showed that IRAK-M -/-mice are resistant to melonoma and fibrosarcoma tumor growth following tumor inoculation. This is likely due to the enhanced anti-tumor effector function of lymphocytes in the absence of IRAK-M, given that T cells and B cells display elevated proliferation and activation in IRAK-M -/-mice as well as enhanced NF-κB activation. 57 Thus, targeted depletion of IRAK-M serves to increase anti-tumor immune responses. Overall, these data provide further evidence that factors produced in the tumor microenvironment may require IRAK-M to induce immunosuppression.
Infectious complications of hematopoietic stem cell transplant
Following immune reconstitution, HSCT patients display impaired pulmonary host defense, rendering them more susceptible to bacterial, fungal and viral infections. This can occur both in the setting of autologous or allogeneic transplant. 58, 59 Our laboratory has previously demonstrated that mice undergoing syngeneic bone marrow transplant (BMT) have elevated levels of prostaglandin E 2 (PGE 2 ) in the lung, resulting in increased susceptibility to pulmonary P. aeruginosa infection and reduced alveolar macrophage function. 60, 61 We have shown that PGE 2 can induce IRAK-M expression in alveolar macrophages, and that inhibition of endogenous PGE 2 production reduces IRAK-M elevation and improves bacterial phagocytosis and killing in alveolar macrophages. 11, 60 Additionally, transplanting IRAK-M -/-bone marrow into WT mice enhances alveolar macrophage host defense function and improves bacterial clearance following P. aeruginosa infection, despite PGE 2 elevation. 11 These data strongly suggest that the wellknown inhibitory actions of PGE 2 on alveolar macrophage function may require IRAK-M induction. Furthermore, these data suggest that therapeutic targeting of IRAK-M in the setting of bacterial infection post-HSCT may improve the ability of the host to phagocytose and kill bacterial pathogens.
Conclusions
IRAK-M has a well-established role in reducing immune responsiveness to continuous pathogen exposure. By negatively regulating TLR signaling, IRAK-M inhibits production of pro-inflammatory mediators and contributes to the induction of endotoxin tolerance. Furthermore, it is now appreciated that IRAK-M is expressed in multiple immune and epithelial cells types, and IRAK-M can be induced by a variety of stimuli. This suggests that IRAK-M may play a role in regulating a wider range of inflammatory conditions than previously thought. Despite these recent studies regarding IRAK-M expression and function, little is known about its transcriptional regulation. Future studies are needed to identify transcriptional regulators which induce or inhibit IRAK-M transcription.
IRAK-M remains an interesting target to consider for therapeutic manipulation. Induction of IRAK-M expression in certain settings may serve to limit pathologies associated with excessive cytokine production and innate immune activation. However, specific targeting and limited duration of IRAK-M induction must be employed to minimize host susceptibility to infection. In addition, clinical scenarios associated with increased susceptibility to infection may be improved by inhibiting IRAK-M expression. However, it is not known what degree of suppression of IRAK-M may provide therapeutic benefit. Future studies employing RNA silencing technologies are needed to determine what degree of IRAK-M silencing would restore appropriate immune responsiveness. Moreover, IRAK-M is expressed in multiple cell types and induction or silencing of IRAK-M may need to be cell specific. Overall, the pleiotropic effects of IRAK-M make it an attractive target for therapeutic manipulation to improve the clinical management of patients with a variety of immune-related disorders.
